ABSTRACT: The structural characteristics of the lignins from flax (Linum usitatissimum) fibers and shives were studied. Significant differences in the content and composition of the lignin from both parts were observed. The lignin contents were 3.8% in the fibers and 29.0% in the shives. Analysis by Py-GC/MS indicated a H:G:S molar ratio of 13:72:15 in the milled wood lignin (MWL) isolated from flax fibers and a molar ratio of 5:87:8 in the MWL isolated from flax shives. In addition, 2D-NMR showed a predominance of β-O-4 0 aryl ether linkages, followed by β-5 0 phenylcoumaran and β-β 0 resinol-type linkages in both MWLs, with a higher content of condensed linkages in flax shives. Thioacidolysis (followed by Raney nickel desulfurization) gave further information on the lignin units involved in the different linkages and confirmed the enrichment of G units. The thioacidolysis dimers released were similar from both lignins, with a predominance of the β-5 0 followed by β-1 0 and 5-5 0 structures.
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' INTRODUCTION
There is a growing need to consider alternative agricultural strategies that move an agricultural industry focused on food production to one that also supplies the needs of other industrial sectors, such as paper, textiles, biofuels, or added-value chemicals.
1,2 Nonwoody plant biomass from field crops and agricultural residues could become important raw materials in this transformation. 1À3 The main sources of nonwoody raw materials are agricultural residues from monocotyledons, including cereal straw and bagasse, or plants grown specifically for fiber, such as bamboo, reeds, or elephant grass, and some other plants such as flax, hemp, kenaf, jute, sisal, or abaca. Nonwoody plants offer several advantages including short growth cycles, moderate irrigation requirements, and, in most cases, low lignin contents, which in principle would result in reduced energy and chemical consumption during lignin removal.
Flax (Linum usitatissimum) is an important annual plant from the Linaceae family that is commercially grown worldwide both for its seeds and for its fibers. Flax fibers have been used for linen textiles since Egyptian times. In addition, the fibers also provided natural raw materials for composites and the manufacturing of high-quality pulps for specialty papers (i.e., paper for cigarettes, tea bags, currency, prayer books, artwork, stock and bond certificates, etc.). 3, 4 Flax plants have two regions in the stem: an outer portion formed by long bast fibers and a core containing short fibers. Flax fibers are extracted from the bast or skin of the stem of the plant by a process called retting, which consists of the separation of bast fibers from the core tissues. When flax fibers are extracted from flax straw, the nonfiber parts of the stem, not including the seed, are normally referred to as shives. By weight, the core flax fiber (shives) represents up to 75% of the content of the flax stem. The yield of shives is 2.5 tons for every ton of fiber produced 5 and is mostly discarded or burned. However, there is a growing interest to add value to the flax shives, and their further conversion into biofuels and other bioproducts represents an excellent opportunity.
6À8
To maximize the exploitation of flax fibers and shives as a source of biomass for the production of textiles, paper pulps, biofuels, or chemicals, a complete understanding of their chemistry is required, including the detailed chemical composition. Previous studies reported significant differences in the chemical composition of flax bast fibers and shives. 6, 8 These studies indicated that flax fibers are low in lignin (ca. 5%) and hemicelluloses (ca. 6%) and high in cellulose (ca. 78%) content, whereas flax shives contain more lignin (23À31%), more hemicelluloses (13À26%), and less cellulose (34À53%) than the fiber. Despite the high differences in lignin content among bast fibers and shives, studies regarding the detailed composition and structure of the lignins in both parts have been scarce.
9À13
The aim of the present study is, therefore, to get further insight into the composition and structure of the lignins from flax bast fibers and shives. The composition of the lignin in flax fibers was already addressed in our laboratories by in situ pyrolysis-gas chromatographyÀmass spectrometry (Py-GC/MS) of the whole cell walls, without previous lignin isolation; 11 however, the extremely low lignin content in the fibers (ca. 3%) made evaluation of the results extremely difficult and hindered the direct comparison with the in situ analysis of the lignin in flax shives. Indeed, this low lignin content is also a limitation for the in situ analysis by other methods, such as NMR. Therefore, to obtain detailed and comparable information on the composition and structure of the lignins from flax fibers and shives, we isolated the so-called milled wood lignins (MWL) according to classical procedures 14 and subsequently characterized them by Py-GC/MS, two-dimensional nuclear magnetic resonance spectroscopy (2D-NMR), and thioacidolysis (followed by Raney nickel desulfurization). Py-GC/MS is a rapid and highly sensitive technique for characterizing the chemical composition of lignins in terms of their p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units.
11,12,15À20 2D-NMR, on the other hand, provides information of the structure of the whole macromolecule and is a powerful tool for lignin structural characterization revealing both the aromatic units and the different interunit linkages present in the lignin polymer.
18À29 Finally, thioacidolysis is a selective chemical degradative method that cleaves the most frequent interunit linkage in lignin, that is, the β-O-4 0 ether linkage. The total yields and relative distribution of the thioacidolysis monomers reflect the amount and ring type of lignin units involved in these alkylÀaryl ether bonds. In addition, the dimers recovered after thioacidolysis can provide information about the units involved in the various carbonÀcarbon and diaryl ether linkages, often referred to as the "condensed" bonds (including 5-5 0 , 4-O-5 0 , β-1 0 , β-5 0 , and β-β 0 ). 18, 19, 27 ,30À33 Knowledge of the composition and structure of the lignin polymer of flax fibers and shives will help to maximize the industrial exploitation of this interesting crop.
' MATERIALS AND METHODS
Samples. Flax (L. usitatissimum) bast fibers and shives (cultivar Hermes) were supplied by CELESA pulp mill (Tortosa, Spain) and were carefully separated by hand. Flax fibers and shives were air-dried and milled using an IKA cutting mill to pass through a 100-mesh screen. The milled samples were successively extracted with acetone in a Soxhlet apparatus for 8 h and then with hot water (3 h at 100°C). Klason lignin content was estimated as the residue after sulfuric acid hydrolysis of the pre-extracted material according to Tappi rule T222 om-88. 34 Two replicates were used for each sample. The relative standard deviation for the Klason lignin determination was <5%.
Lignin Isolation. The MWL samples were obtained according to the classical procedure.
14 Extractive-free ground samples (25 g, prepared as described above) were finely ball-milled in a Retsch PM100 planetary ball mill (50 h at 300 rpm, with cycles of 20 min of milling and 25 min of rest to let the jar cool) using an agate jar (500 mL) and agate ball bearings (20 Â 20 mm) and toluene as coolant. After this treatment, the ball-milled samples were submitted to an extraction (4 Â 24 h) with dioxane/water (9:1, v/v) (5À10 mL solvent/g milled sample). The solution was centrifuged and the supernatant evaporated at 40°C at reduced pressure. The residue obtained (raw MWL) was redissolved in a solution of acetic acid/water 9:1 (v/v) (20 mL solvent/g raw milled wood lignin). The solution was precipitated into water, and the residue was separated by centrifugation, milled in an agate mortar, and dissolved in a solution of 1,2-dichloromethane/ethanol (1:2, v/v). The mixture was then centrifuged to eliminate the insoluble material. The resulting supernatant was precipitated in diethyl ether, and the obtained residue was separated by centrifugation. This residue was then resuspended in petroleum ether and centrifuged again to obtain the final purified MWL fraction, which was dried under a current of N 2 . The final yields ranged from 10 to 15% of the original Klason lignin content. Extension of milling time, which would increase yield, was avoided to prevent chemical modifications on the lignin structure. The purity of the MWL preparations was investigated by analyzing their lignin content by the acetyl bromide method. 35 Gel Permeation Chromatography (GPC). GPC was performed on a Shimadzu LC-20A LC system (Shimadzu, Kyoto, Japan) equipped with a photodiode array (PDA) detector (SPD-M20A; Shimadzu) using the following conditions: column, TSK gel α-M + α-2500 (Tosoh, Tokyo, Japan); eluent, 0.1 M LiBr in dimethylformamide (DMF); flow rate, 0.5 mL min À1 ; column oven temperature, 40°C; sample detection, PDA response at 280 nm. The data acquisition and computation used LCsolution version 1.25 software (Shimadzu). The molecular weight calibration was via polystyrene standards.
Analytical Pyrolysis. Pyrolysis of the MWL isolated from flax fibers and shives (approximately 100 μg) was performed with a 2020 microfurnace pyrolyzer (Frontier Laboratories Ltd.) connected to an Agilent 6890 GC-MS system equipped with a DB-1701 fused-silica capillary column (30 m Â 0.25 mm i.d., 0.25 μm film thickness) and an Agilent 5973 mass selective detector (EI at 70 eV). The pyrolysis was performed at 500°C. The oven temperature was programmed from 50°C (1 min) to 100 at 30°C min À1 and then to 290°C (10 min) at 6°C min À1 . Helium was the carrier gas (1 mL min À1 ). The compounds were identified by comparing their mass spectra with those of the Wiley and NIST libraries and those reported in the literature.
15À18 Peak molar areas were calculated for the lignin degradation products, the summed areas were normalized, and the data for two repetitive analyses were averaged and expressed as percentages. The relative standard deviation for the pyrolysis data was <5%.
NMR Spectroscopy. NMR spectra of the MWL from flax fibers and shives were recorded at 25°C on a Bruker AVANCE 500 MHz equipped with a z-gradient triple-resonance probe. Around 40 mg of MWL was dissolved in 0.75 mL of deuterated dimethyl sulfoxide (DMSO-d 6 ), and 2D-NMR spectra were recorded in heteronuclear single-quantum correlation (HSQC) experiments. The spectral widths were 5000 and 13200 Hz for the 1 H and 13 C dimensions, respectively. The number of collected complex points was 2048 for the 1 H dimension with a recycle delay of 5 s. The number of transients was 64, and 256 time increments were always recorded in the 13 C dimension. The 1 J CH used was 140 Hz. The J-coupling evolution delay was set to 3.2 ms. A squared cosine-bell apodization function was applied in both dimensions. Prior to Fourier transformation, the data matrices were zero filled to 1024 points in the 13 C-dimension. The central solvent peak was used as an internal reference (δ C 39.5; δ H 2.49). HSQC cross-signals were assigned by comparison with the literature. 18À20,22À29 A semiquantitative analysis of the intensities of the HSQC cross-signal intensities was performed.
22
Because the cross-signal intensity depends on the particular 1 J CH value, as well on the T 2 relaxation time, a direct analysis of the intensities is impossible. Thus, the integration on the cross-signals was performed separately for the different regions of the HSQC spectrum, which contain signals that correspond to chemically analogous carbonÀproton pairs. For these signals, the 1 J CH -coupling value is relatively similar and can be used semiquantitatively to estimate the relative abundance of the different species. In the aliphatic oxygenated region, the relative abundance of side chains involved in the different interunit linkages was estimated from the C α ÀH α correlations to avoid possible interference from homonuclear 1 HÀ 1 H couplings, except for structure I, where C γ ÀH γ correlations were used, and the relative abundance of side chains involved in different substructures and terminal structures was calculated (with respect to total side chains). In the aromatic region, CÀH correlations from H, G, and S units were used to estimate the lignin H:G:S ratio, and the comparison of the intensities of the C β ÀH β correlations of structuresI and J was used to estimate the abundances of the latter.
Thioacidolysis followed by Raney Nickel Desulfurization.
Thioacidolysis of 5 mg of MWL was performed as described by Rolando et al. 32 using 0.2 M BF 3 etherate in dioxane/ethanethiol (8.75:1). The reactions products were extracted with CH 2 Cl 2 , dried, and concentrated. Two-hundred microliters of the CH 2 Cl 2 solution containing the thioacidolysis products was desulfurated as described by Lapierre et al. 30 GC-MS analysis of the monomeric and dimeric compounds was performed in a Varian Star 3400 instrument coupled to an ion-trap detector Varian Saturn 2000, using a DB-5HT fused-silica capillary column from J&W Scientific (30 m Â 0.25 mm i.d., 0.1 μm film thickness). The temperature was programmed from 50 to 110°C at 30°C/min and then to 320°C (13 min) at 6°C/min. The injector and transfer line were Journal of Agricultural and Food Chemistry ARTICLE at 300°C. Helium was the carrier gas (2 mL/min), and octadecane was used as internal standard. Dimer identification was based on previously reported mass spectra 18, 19, 27, 30, 33 and mass fragmentography.
' RESULTS AND DISCUSSION
The lignin contents in flax bast fibers and shives were estimated according to the Klason method and revealed a low lignin content in the fibers (3.8%) and a high lignin content in the shives (29.0%). These values agree well with previous results that indicated low lignin content in flax bast fibers in the range of 1.4À4.2% and a high lignin content in flax shives in the range of 23.7À31.4%. 6, 8, 13, 36 The lignin content in flax bast fibers is lower than in other bast fibers, such as hemp (4.6%), jute (13.3%), or kenaf (11.4%). 18, 37, 38 This low lignin content observed in flax bast fiber has prompted some authors to conclude that flax bast fibers do not contain lignin and that the Klason lignin content determined was mainly due to contamination from residual shives or epidermis/cuticle material remaining after the retting Figure 1 . Py-GC/MS chromatograms of the MWL isolated from flax (L. usitatissimum) fibers and shives. The identities and relative abundances of the released compounds are listed in Table 2 . processes. 9, 10 However, later studies unambiguously demonstrated the presence of this low lignin content in flax bast fibers by immunological and chemical (thioacidolysis and nitrobenzene oxidation) analyses, 13 in agreement with our present results.
The composition of the lignin in flax fibers has already been addressed by Py-GC/MS of the whole cell walls, without previous lignin isolation; 11 however, the low lignin content avoids the in situ analysis of this lignin by other methods, such as NMR, and the direct comparison with the in situ analysis of the lignin in flax shives impossible. Therefore, to obtain detailed information on the composition and structure of the flax lignins, the MWL, a lignin preparation considered to be the most representative of the whole native lignin in the plant, 14 despite its low yield and the possibility of some modifications during milling, 39 was isolated from both flax fibers and shives and subsequently characterized by several analytical techniques, including GPC, Py-GC/MS, 2D-NMR, and thioacidolysis (followed by Raney nickel desulfurization). However, we must keep in mind that the results obtained here reflect only the structure of isolated MWL, which represents a part of the whole lignin in the plant.
Molecular Weight Distributions. The values of the weightaverage (M w ) and number-average (M n ) molecular weights, estimated from the GPC curves (relative values related to polystyrene), and the polydispersity (M w /M n ) of the MWL from flax fibers and shives are indicated in Table 1 . The two MWLs exhibited similar molecular weight distributions, in the range of 8825À7620 g mol À1 , being slightly higher in the case of the MWL from flax shives. In addition, both MWLs exhibited relatively narrow molecular weight distributions, with M w /M n < 4. Those values are comparable to literature values for various isolated lignins. 40 
Py-GC/MS of the MWLs from Flax Bast Fibers and Shives.
The Py-GC/MS chromatograms of the MWLs isolated from flax bast fibers and shives are shown in Figure 1 , and the identities and relative abundances of the released compounds are listed in Table 2 . The pyrograms showed compounds derived from H, G, and S lignin units, the main lignin-derived compounds released being guaiacol (4), 4-methylguaiacol (8), 4-ethylguaiacol (11), 4-vinylguaiacol (12), vanillin (16), syringol (13) , (E)-isoeugenol (18) , and 4-methylsyringol (17) . High amounts of (E)-coniferaldehyde (38) and (E)-coniferyl alcohol (39) were also released from the flax shive lignin but were minor compounds among the pyrolysates of flax fiber lignin. In both MWLs, the lignin-derived G-type phenols were present in higher abundances than the respective H-and S-type phenols, with H:G:S compositions of 13:72:15 and 5:87:8 for the MWL from flax fibers and shives, respectively. The S/G ratios were low in both cases, with a ratio of 0.21 for the fibers and 0.10 for the shives. The S/G ratio of the flax bast lignin agrees well with the values estimated upon in situ Py-GC/MS of flax fibers, without previous lignin isolation. 11 Flax bast fibers present the lowest S/G ratio when compared to other bast fibers, such as those of hemp (0.64), jute (2.1), or kenaf (5.4). 11, 12, 18, 26, 28, 37, 38, 41 The content of H units was high, especially in the lignin from flax bast fibers, having a 13% content of H units. Important amounts of H-lignin units (13À25% of all lignin units) were also released from flax bast fibers by nitrobenzene oxidation of whole cell walls, in contrast to only 1% H units released from flax shives. 13 High contents of H-lignin units were also reported in hemp bast fibers. 28, 38 The high G-lignin content observed in flax fibers, and especially in flax shives, makes these lignins highly recalcitrant toward depolymerization. This may affect some uses of these raw materials, such as the delignification stages during alkaline pulping, due to the lower reactivity of the G-lignin compared to S-lignin in Table 3 for signal assignment and Figure 3 for the main lignin structures identified.
Journal of Agricultural and Food Chemistry ARTICLE alkaline systems. 42 The G units have a free C-5 position available for additional carbonÀcarbon or ether interunit bonds, which makes them fairly resistant to lignin depolymerization during alkaline pulping. Therefore, the efficiency of pulping is often directly proportional to the amount of S units in lignin, and thus lower S/G ratios imply lower delignification rates, more alkali consumption, and therefore lower pulp yield. 17, 43 In addition, the lignin from flax bast fibers contains a high proportion of H-units, which will also form additional linkages with both C3 and C5 positions and thus can be even more condensed than G units. Therefore, and despite the low lignin content present in flax bast fibers (3.8%), its composition makes them fairly resistant to alkaline depolymerization. In the case of flax shives, its extremely high lignin content (29.0%), together with its very low S/G ratio, makes them especially recalcitrant.
2D-NMR of the MWLs from Flax Bast Fibers and Shives.
For a more complete and in-depth structural characterization of the lignins, the MWLs of flax fibers and shives were subjected to 2D-NMR analysis that provides information of the structure of the whole macromolecule and is a powerful tool for lignin structural characterization. The HSQC NMR spectra (δ C /δ H 45À160/ 2.6À8.0) of the MWL from flax fibers and shives are shown in Figure 2 . The main lignin cross-signals in the HSQC spectra were assigned according to the literature 18À20,22À29 and are listed in Table 3 ; the main substructures found are depicted in Figure 3 .
The side-chain region of the spectra (δ C /δ H 50À90/2.6À5. 44, 45 where they act as branching points, and have also been found in hardwoods, 20, 46 but these structures have rarely been reported in herbaceous plants. 47 Their abundance in flax is related to the high G content of flax lignin. Finally, other signals observed in the side-chain region of the HSQC spectra are the C γ ÀH γ correlations (at δ C /δ H 61.3/4.09) assigned to cinnamyl alcohol endgroups (I). The olefinic correlations of the cinnamyl structures were observed in the aromatic region of the spectra.
The main cross-signals in the aromatic region of the HSQC spectra (δ C /δ H 100À160/6.0À8.0) corresponded mainly to the substituted benzenic rings of the different lignin units. Crosssignals from S, G, and H lignin units could be observed in the spectra of the MWL of flax fibers and shives. The S-lignin units showed a prominent signal for the C 2,6 ÀH 2,6 correlation at δ C / δ H 103.8/6.69, whereas the G units showed different correlations for C 2 ÀH 2 (δ C /δ H 110.9/6.99), C 5 ÀH 5 , and C 6 ÀH 6 (δ C /δ H 114.9/6.72, 6.94, and 118.7/6.77). Signals of H-lignin units at ether linkages are cleaved to a high extent during alkaline cooking, whereas condensed linkages resist alkaline cooking conditions, 25, 48 the relatively high content of condensed structures in the lignin from flax fibers will make this material more resistant to alkaline delignification than other bast fibers, despite its lower lignin content.
In the case of the lignin from flax shives, the main substructures present were also the β-O-4 0 aryl ether ones (A), which account for 50% of all side chains, followed the β-5 0 phenylcoumaran structures (C) with 14% and by the β-β 0 resinol substructures (B), which involved 9% of all side chains. Cinnamyl end-groups (I, J) were also present in important amounts, whereas dibenzodioxocins (F) and spirodienones (D) were present in lower amounts (4 and 5%, respectively), although in higher proportions than in the lignin from flax bast fibers. The H:G:S composition determined upon NMR (4:87:9) and the S/G ratio (0.10) were also similar to that obtained upon Py-GC/MS and confirmed the extremely high content of G units in this lignin. The lower abundance of β-O-4 0 ether linkages and the higher content of condensed linkages, compared with the MWL from flax bast fiber, together with the high lignin content (29.0% Klason lignin), will make flax shives even more difficult to delignify than the bast fibers.
Thioacidolysis of the MWLs from Flax Bast Fibers and
Shives. The MWL from flax fibers and shives were also studied by thioacidolysis. The thioacidolysis degradation products were then subjected to a Raney nickel desulfurization, and the products obtained were analyzed by GC-MS. The chromatograms of the trimethylsilylated thioacidolysis degradation products are shown in Figure 4 . The released compounds were identified according to previously reported mass spectra.
18,19,27,30,33 The structures of the main compounds identified are shown in Figure 5 , and their mass spectral data and relative molar abundances are summarized in Table 5 . The composition of the main monomers released after thioacidolysis (analyzed after Raney nickel desulfurization) showed a predominance of G over S units in the etherified lignin in both flax fibers and shives and lower amounts of H units, with H:G:S compositions of 5:72:23 and 7:80:13 for the MWLs from flax bast fibers and shives, respectively ( Table 5 ). As expected, the molar S/G ratios obtained, 0.32 and 0.16 for the MWLs of flax bast fibers and shives, respectively, are higher than those estimated from Py-GC/MS and NMR, because the relative distribution of the thioacidolysis monomers reflects only the lignin units involved in alkylÀaryl ether bonds (β-O-4 0 and α-O-4 0 ), and, therefore, S units are mostly involved in alkylÀaryl ether linkages. The S/G ratios obtained upon thioacidolysis agreed well with those previously reported 13 and again indicated that these lignins are enriched in G units, especially the flax shives. However, the important amounts of monomeric H units detected upon thioacidolysis in our work (5 and 7% of the total monomers released from the lignins of flax bast fibers and shives, respectively), which indicated that some H units are also forming β-O-4 0 linkages, could not be detected in previous works. 13 It is interesting to note that β-O-4 0 aryl ether units involving H units were clearly seen in the HSQC spectra shown above. (41) 50 (33) resinol (B) 9 (13) 9 (12) phenylcoumaran (C) 11 (15) 14 (19) spirodienones (D) 3 (4) 4 (5) dibenzodioxocins (F) 2 (3) 5 (7) cinnamyl alcohol end-groups (I) 9 (13) 9 (12) cinnamaldehyde end-groups (J) 8 (11) 9 (12) percentage of lignin units The numbers refer to the compounds (monomers and dimers) listed in Table 5 , and the structures are shown in Figure 5 . I.S. refers to octadecane used as internal standard.
Journal of Agricultural and Food Chemistry ARTICLE The thioacidolysis lignin monomers (H, G, and S) were released in lower amounts from the MWL of flax bast fibers (908 μmol/g lignin) than from the MWL of flax shives (1445 μmol/ g lignin). Similar results were also obtained after in situ thioacidolysis of the whole cell walls of flax bast fibers and shives, without previous lignin isolation, by Day et al., 13 and led these authors to conclude that the lignin from flax bast fibers was more condensed than the lignin from flax shives. However, this observation contrasts with the data obtained from NMR that indicated a slightly higher proportion of
0 linkages in the lignin from flax bast fibers (58% of all side chains) than in the lignin from flax shives (50% of all side chains). It is, however, possible that the purity of the MWL preparations, which were estimated by the acetyl bromide method (a spectrophotometric assay), and which was also used by Day et al. 13 to measure the lignin content of the whole cell walls, may have overestimated the lignin content, especially in the case of MWL from bast flax fibers, as has been reported to occur in herbaceous plants. 49 In this sense, it appears that other moieties are present in the MWL from flax fibers, Figure 5 . Structures of monomeric and dimeric compounds obtained after thioacidolysis and Raney nickel desulfurization of the MWLs isolated from flax (L. usitatissimum) fibers and shives. The mass spectral data of the compounds (as trimethylsilyl derivatives) are listed in Table 5 . It is interesting to note that, despite the high proportion of H units present in the MWL from bast fibers (13% of total lignin a Linkage type and molecular weight are indicated, in addition to main mass fragments (the base peaks are underlined).
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Journal of Agricultural and Food Chemistry ARTICLE units), only a minor part of them, those that form β-O-4 0 linkages, were released upon thioacidolysis of this lignin (5% of total thioacidolysis monomers), which indicates that H units in this lignin are mostly in condensed form. On the contrary, the higher proportion of H monomers released upon thioacidolysis of the MWL from flax shives (7% of total thioacidolysis monomers), despite the low abundance of H units in this lignin (5% of total lignin units), indicates that the H units in this lignin are mostly β-O-4 0 linked, as can be seen in the HSQC spectrum of Figure 2 , where the signal from the C β ÀH β correlations of β-O-4 0 substructures linked to an H-lignin unit is clearly more intense in the case of the MWL from flax shives than in the MWL from flax fibers.
On the other hand, the dimers recovered after thioacidolysis can provide useful information about the different units involved in the various carbonÀcarbon and diaryl ether linkages, often referred to as the "condensed" bonds (including 5-5 0 , 4-O-5 0 , β-1 0 , β-5 0 , and β-β 0 in Table 5 ). 30, 31 The dimers identified were 5-5 0 / β-O-β 0 bonds), and tetrahydrofuran (THF) (dimer 42) types. The relative molar abundances of the different types of condensed dimers released from the MWL of flax fibers and shives are shown in Table 6 . The total amounts of dimeric compounds released upon thioacidolysis of the MWL from flax bast fibers (555 μmol/g lignin) were also lower than those released from the MWL from flax shives (991 μmol/g lignin), probably as a result of impurities in the former, but the H:G:S composition of the total identified dimers is similar in both cases. These data, together with the low amounts of H monomers released from the MWL of flax bast fibers, despite the high amounts of H units in this lignin as said above, indicate that the H units present in flax bast fibers are mostly in the form of trimeric or higher (oligomeric) condensed structures. In addition, the high yields of thioacidolysis dimeric structures reveal the high condensation degree of the flax lignins.
Dimeric compounds with β-5 0 structures were the most prominent thioacidolysis dimers released from the lignins of flax fibers and shives, accounting for 44.1 and 43.5% of the total identified dimers, respectively. In both cases, the most important dimeric β-5 0 structure was formed by two G units, whereas HH, HG, and GS dimers were released in lower abundances. These data are in agreement with the 2D-NMR spectra that indicate that phenylcoumaran structures are the most important condensed structures observed in these lignins. β-1 0 structures represented the second most abundant dimers and accounted for 24.9 and 26.3% of all dimeric structures in the MWL of flax bast fibers and shives, respectively. As occurs with the β-5 0 structures, the most important β-1 0 dimeric structure was formed by two G units, whereas other dimeric structures (HH, HG, GS, and SS) were present in lower amounts. However, these high amounts of β-1 0 dimers observed upon thioacidolysis are not in agreement with the NMR data shown above, which indicated the presence of only minor amounts of spirodienones in these lignin samples (3À4% of all side chains involved). Dimers of 5-5 0 structure were the third most important dimeric compounds in these lignin samples, accounting for 24.1 and 23.0% of all dimeric compounds in flax bast fibers and shives, respectively. Dimers with two G units were the most abundant, with lower amounts of HH and HG dimeric structures. Dibenzodioxocins are supposed to be the main biphenyl structures in lignin; 44, 45 therefore, the 5-5 0 dimers can be considered mostly as being dibenzodioxocin degradation products, although simple biphenyl structures have also been reported in lignin. 21 The rest of the dimeric compounds, such as 4-O-5 0 , β-β 0 , and THF, were present in lower amounts. Among these, it is interesting to note the low proportion of β-β 0 dimers observed after thioacidolysis (ca. 2% of total dimeric structures) in contrast to the relatively high amounts of β-β 0 resinol-type structures observed in the HSQC spectra (9% of all side chains). This fact may indicate these β-β 0 resinol-type structures could probably be linked with other condensed bonds (β-5 0 or 5-5 0 ) and, therefore, after thioacidolysis they will form trimers or higher oligomers that cannot be detected. Thioacidolysis trimeric compounds formed by β-β 0 tetralin dimers linked by a 4-O-5 0 ether bond to a G lignin unit have been previously identified in other bast fibers, such as jute, 18 and also in hardwoods 19, 50 and softwoods.
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In conclusion, this study indicates that the content, composition, and structure of the lignins from flax bast fibers and shives are different. However, and despite the low lignin content in flax bast fibers, the high proportions of H and, especially, G units, make the lignin of this fiber highly condensed (including over 40% carbonÀcarbon-linked lignin substructures) and potentially resistant to depolymerization. On the other hand, the high abundance of G units, the low abundance of β-O-4 0 ether linkages, and the higher content of lignin condensed substructures (nearly 50% carbonÀcarbon-linked substructures) forming thioacidolysis dimers, together with the high lignin content in flax shives, make this material still more difficult to depolymerize than the bast fibers. 
